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Most secretory cells undergoing calcium-regulated exocytosis in response to cell surface receptor stimulation display a dense
subplasmalemmal actin network, which is remodeled during the exocytotic process. This review summarizes new insights into the role of the
cortical actin cytoskeleton in exocytosis. Many earlier findings support the actin–physical-barrier model whereby transient depolymerization of
cortical actin filaments permits vesicles to gain access to their appropriate docking and fusion sites at the plasma membrane. On the other hand,
data from our laboratory and others now indicate that actin polymerization also plays a positive role in the exocytotic process. Here, we discuss the
potential functions attributed to the actin cytoskeleton at each major step of the exocytotic process, including recruitment, docking and fusion of
secretory granules with the plasma membrane. Moreover, we present actin-binding proteins, which are likely to link actin organization to calcium
signals along the exocytotic pathway. The results cited in this review are derived primarily from investigations of the adrenal medullary chromaffin
cell, a cell model that is since many years a source of information concerning the molecular machinery underlying exocytosis.
© 2006 Elsevier B.V. All rights reserved.Keywords: Rho protein; Actin; Actin-binding protein; Exocytosis; Granule; Neuroendocrine cell1. Introduction
Exocytosis is the pathway by which cells selectively
externalize compounds and complement plasma membrane
proteins and lipids and, as such, it is essential for a number of
basic biological processes. In specialized cell types, like
neurons and endocrine cells, exocytosis of neurotransmitters
and hormones occurs in response to a specific stimulus, usually
an elevation of intracellular free calcium. Calcium-regulated
exocytosis has fascinated investigators for decades [1–6]. It
implies calcium-dependent interactions between secretory
granules and cellular components, which trigger the movement,
docking and subsequent fusion of secretory granules with the
plasma membrane. Details of the molecular machinery
underlying some of these steps have been described, and key
proteins have been identified. For example, docking of granules
with the plasma membrane is mediated by SNARE (Soluble
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doi:10.1016/j.bbamcr.2006.09.004teins located on granules (v-SNAREs) and on the plasma
membrane (t-SNAREs). By forming a stable complex, they
provide sufficient energy to pull granule and plasma membranes
into close proximity and facilitate subsequent fusion [7]. Yet, it is
well known that in most secretory cells, vesicles/granules are at
some distance from the plasma membrane, implying that they
have to move in order to access exocytotic sites. In adrenal
chromaffin cells and their tumor derivative PC12 cells, two cell
models that have provided major insights into the molecular
machinery underlying exocytosis, distinct pools of secretory
granules have been described: a ready-releasable pool, most
likely corresponding to granules already docked at the plasma
membrane, and a reserve pool which represents almost 90% of
the granule population. The traffic between these two granule
pools is subjected to a fine regulation by the actin cytoskeleton.
Indeed, in neuroendocrine cells, as in many eukaryotic cell
types, actin forms a complex and dynamic network of filaments
beneath the plasma membrane, and rapid remodeling of this
actin network is crucial for granule trafficking underneath the
plasma membrane [8–10]. It has been generally accepted for
many years that activation of secretion and exocytosis is
accompanied by a fine reorganization of the peripheral actin
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arrangement is the local disassembly of actin filaments, which
permits secretory granules from the reserve pool to gain access to
the plasma membrane, where docking and fusion occurs at
exocytotic sites. However, recent findings suggest that actin
polymerization also plays a positive role in membrane fusion.
Thus, despite the old acquaintance that actin must be re-
organized for exocytosis, many questions have recently emerged
regarding its function and regulation.
In this review, we will discuss current evidence indicating
that actin dynamics drive regulated exocytosis. Since the role of
actin in neurotransmitter release from neurons has been the
central subject of excellent reviews [13,14], we will mainly
focus on the results gained from neuroendocrine cell models
that release hormones and neuropeptides from large dense-core
secretory granules. Additionally, we shall discuss the progress
made in our understanding of the molecules and signaling
pathways that control actin during the course of calcium-
regulated exocytosis.
2. The dual function of actin in exocytosis
One common approach to study the relationship between
actin organization and cellular function is to perturb actin
dynamics. Nature has provided a number of toxins from
bacteria, fungi or sea sponges, which serve as tools to disturb or
interrupt actin dynamics. Some directly target actin by capping
the barbed ends of filaments, promoting actin nucleation or
sequestering actin monomers, while others act indirectly by
affecting known regulators of the actin cytoskeleton such as the
Rho GTPases. To summarize, latrunculin, cytochalasins,
DNaseI, β-thymosin, mikalolide; Clostridium botulinum C2
toxin, Clostridium perfringens iota toxin and Clostridium
spiriforme toxin prevent polymerization of actin filaments, and
Jasplakinolide and phallotoxins stabilize actin filaments or
promote actin polymerization. For further details concerning the
mode of action of this drugs and toxins, we recommend the
reviews by Richard et al. [15] and Spector et al. [16]. These
actin-perturbing drugs have been extensively used for more than
30 years to study the role of actin in regulated exocytosis. In
most of cases, the data obtained indicated that stabilization of
the actin network inhibited exocytosis, whereas depolymeriza-
tion of the actin network increased the number of docked
secretory granules and thereby enhanced the exocytotic
response. These observations have been made in a variety of
secretory cells including, among others, lactotropes, melano-
trophs, chromaffin and PC12 cells, pancreatic β cells and mast
cells [11,17–26]. From these results, there was a general
consensus that the cortical actin network is essentially a
“physical barrier” that prevents exocytosis. In line with this
hypothesis, recent imaging studies using total internal reflection
fluorescence microscopy (TIRFM) on chromaffin cells confirm
that granule motion is largely restricted as soon as granules are
in the vicinity of the plasma membrane [27–29]. Conversely,
latrunculin and mycalolide B treatments, which disrupt actin
filaments, increased granule motility in PC12 cells [30,31].
Thus, secretory granules of the cell periphery are most likelycaged in the actin filament network. They are generated in the
trans-Golgi network as immature granules [32], rapidly
transported in a microtubule-dependent manner [33] and then
captured by the actin rich cortex, where they complete their
maturation [33–35]. Consequently, exocytosis requires the
partial depolymerization of actin to release granules from the
cortical actin network and allow their recruitment to docking
sites at the plasma membrane.
On the other hand, some unexpected observations do not
entirely support this housekeeping function for actin, but
suggest a more active participation in the exocytotic machin-
ery. For example, Orci et al. (1972) observed that glucose-
induced insulin secretion from pancreatic β cells was increased
by a mild treatment with cytochalasin D, while higher
concentrations significantly inhibited it [11]. This observation
led them to propose that, in addition to its restrictive function,
actin might also represent a positive actor in the exocytotic
process by providing a “final and active impulse to the
secretory granules”. Further experimental confirmation of this
idea awaited more than 20 years. Indeed, by using the actin-
depolymerizing C2 toxin from Clostridium botulinum, Matter
et al. (1989) observed that ADP-ribosylation of 20–50% of the
cellular actin stimulated secretion of noradrenaline, whereas
ADP-ribosylation of more than 60% of the actin significantly
attenuated exocytosis [22]. A similar biphasic effect of
β-thymosin on the secretory activity of pancreatic acinar cells
was subsequently reported [23]. In line with these studies, we
recently showed that secretagogue-induced exocytosis from
chromaffin cells was enhanced in the presence of low doses of
latrunculin B but inhibited at higher concentrations [21].
Finally, mast cell degranulation can be blocked after extensive
depletion of actin filaments [25]. Taken together, these data
demonstrate that exocytosis cannot occur without a minimal
actin structure. In other words, the actin cortex is not simply a
barrier that hinders the movements of granules to the plasma
membrane, but it may also play a positive role in the exocytotic
machinery.
Using evanescent wave microscopy in PC12 cells, Lang and
collaborators were able to illustrate this dual function of actin in
living cells. By following GFP-labeled secretory granules, they
demonstrated that actin not only hindered but it also mediated
the movements of granules in some sub-plasmalemmal regions
[36]. More recently, using transmitted light scanning micros-
copy of stimulated cells, Giner et al. (2005) described a
redistribution of actin filament resulting in the appearance of
open spaces in the peripheral barrier and formation of actin trails
associated with moving secretory granules [37]. An immediate
conclusion from these observations is that activation of
secretion may not simply induce the disassembly of the actin
barrier, but it may also trigger the formation of actin tracks
necessary for exocytosis. This new perception of actin
dynamics underlying exocytosis raises many questions
concerning the characterization of the actin-dependent step(s)
in calcium-mediated exocytosis, the extent and functional
importance of de novo actin polymerization during exocytosis
and the regulatory mechanisms underlying the actin remodeling
required for exocytosis.
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As the first established role of actin in secretory cells was its
barrier function that restricts access to the plasma membrane,
subsequent research was concentrated on determining cellular
mechanisms that stabilize the cortical actin network in resting
cells and promote actin depolymerization in stimulated cells.
Fodrin, the neuronal form of spectrin, was one of the first actin-
binding proteins identified in the cortical region in chromaffin
cells [38]. Fodrin is a calcium-regulated protein that binds and
cross-links actin filaments at low calcium concentrations.
Stimulation of chromaffin cells resulted in a redistribution of
fodrin into subplasmalemmal patches [38]. Moreover, intro-
duction of anti-fodrin antibodies into permeabilized chromaffin
cells partially inhibited calcium-induced catecholamine secre-
tion, supporting a role of fodrin in exocytosis [39]. Stimulation
and elevation of cytosolic calcium inhibited the actin cross-
linking activity of fodrin and permitted the dissolution of the
cytoskeletal barrier with a concomitant release of trapped
granules from the cytoskeletal network and their recruitment to
the docking sites at the plasma membrane [8]. These results led
to the idea that fodrin stabilizes the cortical actin network and
thereby entraps secretory granules in the subplasmalemmal
cytoskeleton to serve as a reservoir to supply exocytotic demand
[8].
The Rho GTPase family is a well-known family of actin-
regulating proteins that are key regulators of the organization of
the actin cytoskeleton in a wide range of membrane trafficking
aspects [40,41]. Over the past years, we have concentrated our
efforts in understanding the functional relationship between
Rho GTPases and actin dynamics in neuroendocrine secretion.
Our first observation was that RhoA is associated with secretory
granules in chromaffin and PC12 cells. RhoA was found to
function as a downstream partner for the granule-associated Go
protein, a trimeric GTPase regulating the ATP-dependent
priming step of exocytosis [42,43]. Inhibition of RhoA activity
by the Clostridium botulinum C3 ADP-ribosyltransferase had
no effect on catecholamine release from chromaffin or PC12
cells [42,44,45]. However, activation of RhoA through the
stimulation of Go [42] or over-expression of constitutively
active GTP-loaded RhoA mutants inhibited exocytosis and
stabilized the peripheral actin filaments in stimulated cells
[46,47]. Experiments designed to identify the effectors by
which the secretory granule-associated RhoA protein inhibited
exocytosis and affected the cortical actin cytoskeleton led us to
propose that RhoA exerts its control on actin dynamics through
a phosphatidylinositol 4-kinase (PI 4-kinase) also associated
with secretory granules [48]. PI 4-kinase produces phosphati-
dylinositol 4-phosphate (PIP), a phosphoinositide that can be
subsequently phosphorylated by the PIP 5-kinase to generate
granule-bound phosphatidylinositol 4,5-bisphosphate (PIP2).
PIP2 interacts with and regulates numerous cytoskeletal
proteins [49]. Local production of PIP2 on membranes has
also been shown to initiate actin nucleation and regulate
membrane–cytoskeleton interactions [50,51]. Thus, activation
of the RhoA/PI 4-kinase pathway and formation of PIP2
residing on the granule membrane may promote the associationof granules to the actin network and contribute to the
stabilization of the peripheral actin barrier. In other words,
RhoA-induced PIP2 at the surface of secretory granules may
maintain the exocytotic machinery in a standby position in
resting cells by favoring the sequestration of granules in the
cortical cytoskeleton.
Stimulation-induced disassembly of actin filaments is calci-
um-dependent, and the search for chromaffin cell factor(s),
which might be involved in this regulation of the actin
network, led to the discovery of scinderin [52]. Scinderin is
found in tissues with high secretory activity, i.e. adrenal
medulla, anterior and posterior pituitary, brain, kidney, salivary
glands, testis, platelets. In chromaffin cells, immunocytochem-
ical studies indicated that scinderin is present in the cell
periphery, where it co-localizes with peripheral actin filaments
in both resting and stimulated cells [53]. Cloning and
purification of scinderin revealed that the protein binds
phosphatidylserine, PIP2 and actin, and that it severs actin
filaments in a calcium-dependent manner [54,55]. Functional
experiments performed with full-length recombinant and
truncated scinderins in permeabilized chromaffin cells [55]
and platelets [56] indicated that scinderin potentiates calcium-
induced catecholamine or serotonin release through its actin-
severing activity. Moreover, the ability of scinderin to increase
calcium-evoked release and actin filament disassembly was
inhibited by PIP2. Together, these findings support the idea
that scinderin is responsible for the partial cortical actin
disassembly that occurs in stimulated cells. Under resting
conditions, the actin-severing activity of scinderin is inhibited
by binding to plasma membrane PIP2. Stimulation and the
subsequent rise in cytosolic calcium releases scinderin from
PIP2 binding sites and activates its actin-severing activity,
thereby producing actin disassembly required for free
movement of granules to exocytotic sites.
4. The actomyosin system and the movement of secretory
granules towards the sites of exocytosis
One of the key issues that still remains unclear is related to
the mechanisms by which granules reach the exocytotic sites at
the plasma membrane following the stimulus-induced depoly-
merization of the actin cortex. Do granules simply diffuse
through the open areas in the actin cortex, or is there an active
transport mechanism that directs granules towards their release
sites? Interestingly, TIRFM experiments revealed that under
some experimental conditions, granule motion under the plasma
membrane can be decreased by the actin-depolymerizing drug
latrunculin [36,57]. Similarly, complete disassembly of actin by
ATP removal results in a reduction in granule motion in both
PC12 and chromaffin cells [36,58]. These observations raise the
possibility that actin filaments may actively participate in the
transport of secretory granules to the exocytotic release sites at
the plasma membrane.
Motor proteins of the myosin family could generate the force
necessary for the intracellular transport of vesicles along actin
filaments. Class V-myosin motors are prime candidates for such
an active transport of secretory granules since they are associated
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Indeed, several studies support a role for myosin V in the
transport of secretory granule to the plasma membrane. For
instance, secretory granules have been shown to interact with
actin filaments through the granule-associated Rab27 GTPase
and MyRIP, a protein that interacts with Myosin V and actin
[30,63]. Moreover, both Rab27 and MyRIP control short-range
movements of secretory granules beneath the plasma membrane
[30]. In agreement with these results, a myosin V-based
transport of secretory granules has been reported in PC12 cells
[60] and in pancreatic β-cells [61]. Conventional myosin II has
also been implicated in regulated exocytosis. In chromaffin cells,
myosin II localizes in the cell periphery, consistent with a
possible interaction with the cortical actin cytoskeleton [59,64].
Moreover, calcium-dependent phosphorylation of the regulatory
subunit of the myosin light chain occurs in cells undergoing
exocytosis [65]. Since phosphorylation of the myosin light chain
allows the interaction between myosin II and actin [66], this
observation is in line with a possible participation of myosin II in
the exocytotic machinery. Accordingly, chemical inhibition of
the myosin light chain kinase (MLCK) inhibits catecholamine
secretion from chromaffin cells and insulin secretion from HIT
cells [67,68]. However, the role that myosin II fulfills in the
exocytotic pathway seems to be distinct from a molecular motor
that ensures granule transport to the exocytotic sites [59].
Indeed, over-expression of a myosin light chain mutant, which
cannot be phosphorylated, strongly reduced the motility of
secretory granules, and also modulated the ready releasable pool
and the fusion of secretory granules [69].
5. The Rho family Rac and Cdc42 GTPases: suppliers for
actin structures required for the late stages of exocytosis
How do actin filaments play an active role in exocytosis?
Does the re-organization and partial depolymerization of the
actin barrier save some actin filaments or is there a de novo
polymerization of actin that provides the structures required for
exocytosis? To date, the reported data favor the idea of a de
novo actin polymerization in stimulated cells. This has been
observed during degranulation in mast cells [24] and during
synaptic activity in neurons [70,71]. Moreover, secretory
granules become coated with filamentous actin during exocy-
tosis in pancreatic acinar cells [72]. Thus, cell stimulation is
likely to activate a molecular cascade inducing the polymeri-
zation of actin filaments dedicated to the exocytotic machinery.
In parallel, several studies revealed the positive effects of
members of the Rho GTPase family in exocytosis [13,73–75].
For example, Rac1 and Cdc42 regulate multiple steps of mast
cell degranulation, [76], Rac2 controls neutrophil primary
granule release [77], and the active participation of Cdc42 has
been demonstrated during insulin secretion in pancreatic-β-
cells [78]. Moreover, Rac1 has also been reported to stimulate
fast exocytotic release of neurotransmitters in neurons [79,80].
However, despite the established effects of Rho GTPases on
actin organization, the link between the reported effects of Rac/
Cdc42 on exocytosis and actin dynamics remains to be
established.In chromaffin and PC12 cells, Rac1 and Cdc42 are localized
in the subplasmalemmal region [21,45,48]. Over-expression of
constitutively active GTP-loaded Cdc42 triggers the formation
of actin filaments underneath the plasma membrane in PC12
cells, as seen by rhodamine-phalloidin staining [21]. In
addition, we found that endogenous Cdc42 is activated at the
plasma membrane in secretagogue-stimulated PC12 cells, and
this activation leads to the formation of peripheral actin
filaments [21]. Yet unexpectedly, expression of the active
Cdc42 mutant strongly stimulated exocytosis [21,46], whereas
expression of a short interference RNA able to reduce the level
of endogenous Cdc42 drastically blocked it [81]. These data
suggest that Cdc42 triggers the formation of actin filaments in
the subplasmalemmal region, thereby optimizing the efficiency
of the exocytotic machinery.
We further investigated the molecular pathway by which
Cdc42 is able to enhance actin polymerization and secretion in
PC12 cells [21]. N-WASP and the Arp2/3 complex, two
important mediators of the “de novo” actin nucleation pathway
downstream of Cdc42 [82], have been shown to mediate actin-
dependent propulsion of secretory and endocytic vesicles [83].
Moreover, the participation of N-WASP in the exocytotic
pathway in PC12 cells has also been proposed [47]. Thus,
N-WASP may play a role in the actin-based mechanism
controlled by Cdc42 in PC12 cells. To test this idea, we
investigated the potential implication of N-WASP in exocytosis.
We found that over-expression of N-WASP produced a
stimulatory effect on secretion that was comparable to the effect
obtained with active GTP-bound Cdc42. Moreover, the N-
WASP stimulatory effect on secretion was dependent on its
ability to induce actin polymerization in the cell periphery. Co-
expression of a N-WASP mutant unable to polymerize actin
completely abolished the stimulatory effect of GTP-bound
Cdc42 on secretion, demonstrating that N-WASP lies down-
stream of Cdc42 in the exocytotic pathway [21]. Finally, we
observed that Arp2/3 is associated with secretory granules and
accompanies granules to the docking sites at the plasma
membrane upon cell activation [21]. Taken together, these
results suggest that secretagogue-evoked stimulation induces the
sequential ordering of Cdc42, N-WASP and Arp2/3 at the
interface between granules and the plasma membrane, thereby
providing a way to specifically target local actin filament
polymerization at granule docking sites. This is the first time a
molecular support for the de novo formation of actin filaments
during the course of exocytosis has been described. The next
step is to elucidate the function of these newly formed actin
filaments at stages that occur after the docking of the granules
with the plasma membrane.
We have recently investigated the upstream events leading to
the activation of Cdc42 during exocytosis. Intersectin-1L is a
Cdc42-specific Rho family guanine nucleotide exchange factor
(GEFs) in neurons, and a candidate for the activation of Cdc42
during exocytosis for several reasons. Firstly, it interacts with
SNAP-25 [84], a protein of the SNARE complex that is critical
for the docking of granules to the plasma membrane. Secondly,
intersectin-1L has been proposed as a scaffold regulating the
assembly of various endocytotic proteins at the sites of
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janin [87]. Thirdly, we observed intersectin-1L at the exocytotic
sites in stimulated PC12 and chromaffin cells [81]. Furthermore,
using an RNA interference strategy coupled with expression of
various constructs encoding the guanine nucleotide exchange
domain, we provided evidence that intersectin-1L is an essential
component of the exocytotic machinery [81]. Silencing of
intersectin-1L prevented secretagogue-induced activation of
Cdc42, suggesting that intersectin-1L acts as a factor that
integrates Cdc42 activation to the exocytotic pathway [81].
Together, our results indicate that intersectin-1L is a component
of the pathway that activates Cdc42-dependent reactions,
thereby linking extracellular signals to the actin rearrangements
required for exocytosis. By extending the well-known role of
intersectin-1L in endocytosis [85–87] to a function in
exocytosis, these findings support the speculation that inter-
sectin-1L is an adaptor that precisely coordinates actin
dynamics involved in the late stages of exocytosis to the
process of endocytosis, thereby coupling exocytosis to
endocytotic membrane trafficking in secretory cells.
To conclude, Rho GTPases play an important and composite
function at the site of exocytosis in neuroendocrine cells. While
RhoA seems to insure cortical actin network integrity, Cdc42
and perhaps Rac clearly emerge as important signaling
molecules providing some of the actin structures that are
required for efficient exocytosis.
6. Actin in late stages of exocytosis
In yeast, which has often permitted to decipher molecular
pathways occurring in mammalian cells, actin filaments have
been shown to accumulate on docked vacuoles [88,89].
Disassembly of actin is necessary for docking and for producing
fusion-competent vacuoles, but actin assembly is essential for
terminal homotypic membrane fusion processes [89]. Re-
establishment of the actin network required for fusion involves
Cdc42p, Las17p/Bee1p (WASp homologue) and Arp2/3
complex [89]. Hence, we describe a homologous pathway in
PC12 cells, in which Cdc42 stimulates exocytosis by triggering
the formation of actin filaments through a cascade involving
N-WASP and secretory granule-associated Arp2/3 [21].
Similarly, in neurons, it has been recently demonstrated that
the fusion of intracellular vesicles with the plasma membrane,
which is crucial for neurite outgrowth, is under the control of
Cdc42 and downstream actin filaments [90]. In yeast,Wang et al.
(2003) proposed that Rho proteins act as spatial landmarks for
membrane fusion [91]. They observed that SNARE proteins and
lipids assemble into a vertex ring on docked vacuoles before
catalyzing fusion. Rho proteins may primarily act to landmark
these vertices by initially disassembling actin for SNARE
promotion and effector enrichment at vertices, and secondly by
re-polymerizing actin at vertices to support fusion. Such a
mechanism would promote physical restrictions, membrane
perturbations and the force necessary to finally fuse the two
membranes.
In some cell types, actin has been described as a machine that
compresses exocytosing granules to provide the force forexpulsing granule contents into the extracellular medium. For
example, in Xenopus eggs, actin assembly occurs specifically
on cortical granules that have fused with the plasma membrane
[92]. Similarly, actin coating has been reported in pancreatic
acini on zymogen granules undergoing exocytosis [93,94].
These observations have led to the idea that fusion triggers the
assembly of actin filaments into coats around the fused
granules, and these actin coats then promote discharge of the
secretory material. This type of exocytosis termed “kiss and
coat” [95] was proposed to be important in cells that release
their granule content slowly as a result of the large size of
granules or insoluble granule content. A similar role for the
actomyosin contractile system providing forces for the
extrusion of secretory products was previously proposed in rat
parotid glands [96].
At present, there is no evidence for kiss-and-coat in neurons
and neuroendocrine cells that undergo exocytosis with rapid
kinetics. Nevertheless, actin has been proposed to play a role in
late stages of exocytosis in neurons. In synaptic terminals, data
suggest that actin filaments may act as a scaffolding that
concentrates regulatory molecules near the releasable pool of
synaptic vesicles [71]. Furthermore, myosin-V, which mediates
actin-dependent vesicle transport to the plasma membrane, is on
the surface of the vesicles and interacts directly with syntaxin-
1A [97]. Thus, it has been proposed that the complex between
myosin-V and syntaxin-1A tethers the vesicles to the plasma
membrane and then allows the recruitment of the other SNARE
proteins to form the SNARE complex [97]. In PC12 cells, our
findings suggest that newly synthesized actin filaments
stimulate exocytosis [21]. These filaments are formed in the
vicinity of the plasma membrane by the combined action of
Cdc42 and N-WASP recruited to the plasma membrane in
stimulated cells and Arp2/3 associated with secretory granules
[21]. Thus, the growth of actin filaments can occur only after
docking of the granules at the plasma membrane when Cdc42-
activated N-WASP can bind both the Arp2/3 complex and actin
monomers. This implies that these actin filaments most likely
play a role in a late post-docking step of exocytosis. At the
moment, we can only speculate about their function. One
attractive hypothesis concerns the regulation of the fusion pore.
Indeed, recent work established that the fusion pore opening/
closing of dense-core granules can be regulated by various
signaling pathways [98]. Actin filaments formed at granule
docking sites could modulate opening and/or closure of the
fusion pore, thereby providing a molecular basis for the control
of quantal release. Additionally, since these filaments are
precisely formed at the granule docking sites, they are also
ideally suited to play a role in the specific retrieval of the
granule membrane that occurs after exocytosis and release of
the granule content. Finally, it is now clear that both full fusion
and kiss-and-run occur to varying extents in neuroendocrine
cells. During kiss-and-run, granules dock at the plasma
membrane and the fusion pore opens but it does not dilate
and granules may be retrieved before complete release of their
content. It has been proposed that the relative fraction of
exocytotic events that correspond to full fusion and complete
granule discharge versus kiss-and-run can be modulated within
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triggered actin filaments may provide a mechanism to balance
kiss-and-run and full fusion exocytosis.
7. Conclusion
To date, most of our knowledge regarding actin organization
in secretory cells comes from fluorescence studies using
labeled-phalloidin or 2D electron microscopy. These observa-
tions revealed the actin web as a physical barrier to exocytosis,
which is partially removed in response to secretagogues.
However, recent functional studies suggest that exocytosis
also requires a spatially and temporally controlled assembly of
actin filaments at granule docking sites. Fig. 1 summarizes theFig. 1. Putative model summarizing the role of actin and related proteins in exocy
entrapped in the cortical actin cytoskeleton through a RhoA-dependent interaction. Se
severing activity of scinderin and the partial depolymerization of the peripheral actin f
tracks using myosin-Va as a molecular motor. Following docking at the plasma mem
pathway involving N-WASP and the granule-bound Arp2/3. These newly formed acti
the subsequent retrieval of the granule membrane.hypotheses that have been raised concerning the functions that
actin filaments may undertake in the course of exocytosis. Most
of them remain uncertain as firm conclusions are hampered by
our limited view of the organization and regulation of the actin
network in living cells undergoing exocytosis. Thus, further
understanding of the actin dynamics in secretory cells remains a
topical issue that should benefit from the newly developed,
highly resolutive imaging techniques. For example, electron
tomography should provide images of the three-dimensional
organization of the cytoskeleton entrapping secretory organelles
and their associated molecular machines in an unperturbed
context. Innovative live cell microscopy assays such as 4D-
time-lapse videomicroscopy or multi-colour total internal
reflection fluorescent microscopy should allow to visualizetosis. In neuroendocrine cells, most of the granules form a reserve pool that is
cretagogue-evoked stimulation and rise in cytosolic calcium stimulates the actin-
ilaments. Granules move to the exocytotic sites at the plasma membrane on actin
brane, activated Cdc42 triggers the polymerization of actin filaments through a
n filaments might be involved in late post-docking stages of exocytosis and/or in
1181M. Malacombe et al. / Biochimica et Biophysica Acta 1763 (2006) 1175–1183single vesicle tethering, docking and fusion along with the
accompanying actin cytoskeleton reorganization. There is no
doubt that imaging and analyzing the actin cytoskeleton
dynamics, in time and space, under physiological conditions,
will provide new insights for understanding the functional
relationship between two old friends, the secretory granule and
the actin network, in the process of exocytosis.
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